Rose Bengal (RB) is a halogenated xanthene dye that has been used to mediate antimicrobial photodynamic inactivation. While highly active against Gram-positive bacteria, RB is largely inactive in killing Gramnegative bacteria. We have discovered that addition of the non-toxic salt potassium iodide (100mM) potentiates green light (540nm)-mediated killing by up to six extra logs with Gram-negative bacteria Escherichia coli and Pseudomonas aeruginosa,Gram-positive methicillin resistant Staphylococcus aureus, and fungal yeast Candida albicans. The mechanism is proposed to be singlet oxygen addition to iodide anion to form peroxyiodide, which decomposes into radicals, finally forms hydrogen peroxide and molecular iodine.
Introduction
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The rapid and seemingly unstoppable rise of antibiotic resistance necessitates the development of alternative antimicrobial strategies (1) . Antimicrobial photodynamic inactivation (aPDI) employs the combination of non-toxic dyes called photosensitizers (PS), which can be excited by harmless visible light (2) . In the presence of ambient oxygen, the excited state PS undergoes a photochemical reaction producing reactive oxygen species (ROS) such as singlet oxygen ( 1 O 2 ) and hydroxyl radicals (HO • ). These highly reactive species are able to chemically attack most biomolecules such as proteins, nucleic acids and lipids. In principle, the damage produced by this chemical attack can kill any known type of microorganism including Gram-positive, Gram-negative bacteria, fungi,parasites and viruses. However having said that, it must be noted that there is a major difference between Gram-positive and Gram-negative bacteria (3) . This difference arises because of the different structural characteristics of the cell walls of these two classes of bacterial cells. Grampositive cell walls are highly permeable and most dyes can diffuse easily into the cells (hence the name referring to Gram-stain). On the other hand, Gram-negative bacteria are mostly impermeable to many dyes that have anionic or neutral charges. Only dyes with pronounced cationic charges can bind and penetrate into Gram-negative bacterial cells because the double membrane presents a formidable barrier against penetration of most PS that have been developed for anti-cancer applications (4) .
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One dye that has been frequently studied for antimicrobial PDI applications, is the halogenated xanthene known as Rose Bengal (RB) (5) (6) (7) (8) (9) . RB (4,5,6,7-tetrachloro-2',4',5',7'-tetraiodofluorescein) is a deeply colored pink compound with a variety of medical uses. It is used as a stain to identify corneal damage (10) , in the diagnosis of brucellosis (11) , and as a PS to mediate photochemical tissue bonding (12) . It has also been used as an anticancer compound (in the dark) given as an intralesional injection into transit melanoma metastases, where it has been shown to activate an anti-tumor immune response (13) . When used as an antimicrobial PS, RB has been found to have a major effect against Gram-positive bacteria, and is also effective against fungi such as Candida, but its activity against Gram-negative bacteria is minimal.
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We have recently found that the non-toxic inorganic salt potassium iodide has a remarkable potentiating effect on aPDI (14) . Addition of simple KI solution to a mixture of microbial cells and many different PS (phenothiazinium dyes (15, 16) , titanium dioxide photocatalysis (17) , and fullerenes (18) ) that are subsequently excited by light, can give many logs of additional killing (up to 6 logs extra killing). We recently showed (19) that addition of KI to the traditional anticancer, porphyrin-based PS called Photofrin (PF), allowed broad-spectrum aPDI, including eradicating Gram-negative bacteria, that were previously thought to be resistant to PF-PDT (17) . In the present study we asked the question whether the aPDI effects of the anionic dye RB would also be potentiated by addition of KI?
was suspended in 20 mL of brain heart infusion (BHI) broth for bacteria or yeast extract-peptone-dextrose (YPD) for C.albicans and grown overnight in a shaker incubator (New Brunswick Scientific, Edison, NJ) at 120 rpm under aerobic conditions at 37 °C for bacteria, at 30 °C for C. albicans. For bacteria, an aliquot of 1 mL from an overnight bacterial suspension was refreshed in fresh BHI for 2-3 h at 37 °C to mid-log phase. Cell concentration was estimated by measuring the optical density (OD) at 600 nm (OD of 0.6 = 10 8 cells/mL). The C. albicans cell number was assessed with a hemocytometer and was generally between 10 7 and 10 8 cells/mL.
In vitro studies
Two types of in vitro aPDI experiments were done. The first used cells with a fixed RB concentration and KI concentration and varied the light dose. The second type of experiments used cells with a fixed RB concentration and a fixed light dose and varied the KI concentration. Here we compared the order of addition of the components and the effect of centrifugation. The initial studies used PDI with suspensions of bacteria (10 8 cells/mL) or C. albicans (10 7 cells/mL) irradiating with different fluences of green light (0, 10, 20 J/cm 2 ) with different concentration of RB (100 nM for MRSA, 10 μM for E. coli and C.albicans), together with or without 100 mM KI. The aliquots were serially diluted tenfold in PBS to give dilutions of 10 -1 to 10 -5 times in addition to the original concentration and 10 μL aliquots of each of the dilutions were streaked horizontally on square BHI agar plates for bacteria or YPD agar plates for Candida. Plates were streaked in triplicate and incubated for 12-18 h at 37 °C (bacteria) or for 24-36 h at 30 °C (Candida) in the dark to allow colony formation. Each experiment was performed at least three times.Suspensions of bacteria (10 8 cells/mL) or C. albicans (10 7 cells/mL) were incubated in the dark at room temperature for 30 min with 10 μM RB (for Gram-negative bacteria and C. albicans) or 100 nM RB (for MRSA) and then was added a range of KI concentrations between 0 and 100 mM in pH 7.4 phosphate-buffered saline (PBS). Centrifugation (5 min, 3,200 rpm) of 1 mL aliquots was used to remove the excess of RB that was not taken up by the microbial cells when experiments required it. The 1 mL aliquots were transferred to a 24-plate and illuminated from the top of the plates in the dark at room temperature with 10 J/cm 2 of green light. Care was taken to ensure that the contents of the wells were mixed thoroughly before sampling, as bacteria can settle at the bottom. The aliquots were serially diluted as described before. When experiments required it, 10 μM RB or 100 nM RB plus a range of KI concentrations between 0 and 100nM in pH 7.4 PBS were exposed to 10 J/cm 2 green light, then were added bacteria or C albicans cells to the illuminated mixture of RB + KI. After 30 min incubation, the aliquots were serially diluted as before. Each experiment was performed at least three times.
10 μM RB or 100 nM RB plus a range of KI were exposed to 10 J/cm 2 of green light, then added 10 8 cells/mL of bacteria or 10 7 cells/mL of C albicans and incubated in the dark at room temperature for 30 min. The aliquots were serially tenfold diluted as before. Each experiment was performed at least three independent times. A control group of cells treated with light alone (no RB added) showed the same number of colony forming units (CFU) as absolute control (data not shown).Survival fractions were routinely expressed as ratios of CFU of microbial cells treated with light and RB (or RB in the absence of light) to CFU of microbes treated with neither.
Confocal scanning laser microscopy
Suspensions of E. coli or MRSA (10 8 cells/mL) or C. albicans (10 7 cells/mL) were incubated in the dark at room temperature for 30 min with 10 μM RB and then 1 mL aliquots were centrifuged (3 min, 3,200 rpm) to remove the excess of RB. A confocal scanning fluorescence microscope (Olympus American Inc., Melville, NY) was employed to observe the fluorescence emission of RB and cells. Fluorescent images were obtained with a 585-nm bandpass filter. Excitation was at 543 nm.
Mechanistic experiments
Iodine starch test 10 μM RB and 100 mM KI were illuminated with increasing fluence of green light, aliquots (50 μL) were withdrawn after different fluences, and added to starch indicator (50 μL). A microplate reader (absorbance 610 nm) was used to measure incremental absorbance after an incremental fluence of 415nm light was delivered. Controls were (1) RB + light, (2) KI + light, (3) PBS alone. Each experiment was performed at least three times.
Amplex red hydrogen peroxide/peroxidase assay kit was used to detect the production of H 2 O 2 from RB+KI mediated PDT. The colorless probe Amplex red (10-acetyl-3, 7-dihydroxy-phenoxazine) reacts with H 2 O 2 in the presence of peroxidase and forms resorufin (7-hydroxy-3H-phenoxazin-3-one). The detection process after RB+KI mediated PDT was according to manufacturer's instructions. The reaction systems contained 2 μM RB with added 50 mM KI were illuminated with increasing fluence of green light and aliquots withdrawn and added to 50 μM Amplex Red reagent and 0.1 U/mL horseradish peroxidase (HRP) in Krebs-Ringer phosphate (consists of 145 mM NaCl, 5.7 mM Na 3 PO 4 , 4.86 mM KCl, 0.54 mM CaCl 2 , 1.22 mM MgSO 4 , 5.5 mM glucose, pH 7.35). After 30 min incubation, a fluorescence microplate reader (excitation 530 nm and emission ~590 nm) was used to measure incremental fluorescence after an incremental fluence of green light was delivered. Controls were (1) RB + light, (2) KI + light, (3) Amplex red reagent alone. Each experiment was performed at least three times.
Nitro blue tetrazolium
The superoxide assay employed nitro blue tetrazolium chloride (NBT) at 20 mM, RB at 10 μM, and KI at 50 mM, all dissolved in PBS. All ingredients were freshly prepared prior to the procedure; an absorbance microplate reader was used to measure incremental absorbance of the blue product (560nm) after an incremental fluence of green light was delivered. Controls were (1) RB + light, (2) KI + light, (3) PBS alone. Each experiment was performed at least three times. A monocationic fullerene BB4 (35 μM in combination with reduced nicotinamide dinucleotiode (NADH 1 mM) (20) excited by 360 nm light was used as a positive control for photogenerated superoxide production.
Activation of SOSG
Cell-free experiments were performed in 96-well plates. RB was used at 100 nM in PBS, and singlet oxygen sensor green (SOSG) (Molecular Probes, Invitrogen, USA) was added to each well at a final concentration of 5.0 μM. KI solution (100 mM KI) was either added or not. Each experimental group contained four wells. All groups were illuminated simultaneously, and light was delivered in sequential doses of 1.0-4 J/cm 2 . A microplate spectrophotometer (Spectra Max M5, Molecular Devices) was used for acquisition of fluorescence signals in the "slow kinetic" mode. The fluorescence excitation was 505 nm and emission was 525 nm. Each time after an incremental fluence was delivered, the fluorescence was measured.
Interaction of singlet oxygen with iodide
The interaction of iodide with singlet oxygen photogenerated by RB was examined by directly measuring the lifetime of singlet oxygen at different concentrations of KI and, indirectly, by monitoring the effect of increasing concentration of iodide on oxygen uptake induced by irradiation of RB solution with green light (21) . In brief, time-resolved singlet oxygen detection was carried out as follows. Phosphate-buffered (pH 7.2) D 2 O solutions of RB (optical density ~0.25-0.3 at 550 nm) in a 1-cm-optical path quartz fluorescence cuvette (QA-1000; Hellma, Mullheim, Germany), were excited by 550 nm pulses generated by an integrated nanosecond DSS Nd:YAG laser system equipped with a narrow bandwidth optical parametric oscillator (NT242-1k-SH/SFG; Ekspla, Vilnius, Lithuania), which delivered pulses at repetition rate 1 kHz, with energy up to several hundred microjoules in the visible region. Due to high efficiency of singlet oxygen photogeneration by RB, the energy of the exciting pulses was attenuated ~400 times. The near-infrared luminescence (1270 nm) was measured perpendicularly to the excitation beam in a photon-counting mode using a thermoelectric cooled NIR PMT module (H10330-45; Hamamatsu, Japan) equipped with a 1100-nm cutoff filter and an additional dichroic narrow-band filter NBP, selectable from the spectral range 1150-1355 nm (NDC Infrared Engineering Ltd, Bates Road, Maldon, Essex, UK). Data were collected using a computer-mounted PCI-board multichannel scaler (NanoHarp 250; PicoQuant GmbH, Berlin, Germany). Data analysis, including first-order luminescence decay fitted by the Levenberg-Marquardt algorithm, was performed by custom-written software. Typical acquisition time was 20 s. The effect of potassium iodide on singlet oxygen lifetime was examined in the concentration range 0 to 50 mM.
Oxygen photoconsumption measurements
Time-dependent changes in oxygen concentration induced by light were determined by electron paramagnetic resonance (EPR) oximetry using 0.1 mM mHCTPO as dissolved oxygen-sensitive spin probe. Samples containing 25 μM in PBS, pH 7.2, were irradiated in EPR quartz flat cells in the resonant cavity with 516-586 nm (35 mW/cm 2 ) light derived from a 300-W high pressure compact arc xenon lamp (Cermax, PE300CE-13FM/Module300W; PerkinElmer Optoelectronics, GmbH, Wiesbaden, Germany) equipped with a water filter, heat reflecting mirror, cut-off filter blocking light below 390 nm and green additive dichroic filter 585FD62-25 (Andover Corporation, Salem, NC, USA). EPR samples were run using microwave power 1.06 mW, modulation amplitude 0.006 mT, scan width 0.3 mT, and scan time 21 s. Thirty subsequent scans every 30 seconds were acquired. EPR measurements were carried out using a Bruker EMX-AA EPR spectrometer (Bruker BioSpin, Rheinstetten, Germany).
In vivo studies Bacterial strain and culture conditions
The Pseudomonas aeruginosa strain used in this work was ATCC 19660 (Xen 5P). Bacteria were routinely grown in BHI with aeration in an orbital incubator at 100rpm at 37°C overnight to stationary phase. An aliquot of this suspension was then refreshed in fresh BHI to mid-log phase. Cell numbers were estimated by measuring the OD at 600 nm (OD of 0.6 = 10 8 CFU cells/mL). Bacterial suspension was centrifuged, washed, and resuspended in PBS and diluted 10-fold for the in vivo experiments.
Bioluminescence imaging
The IVIS® Lumina Series III (PerkinElmer, Inc., Waltham, MA, USA) was applied for bioluminescence imaging on a daily basis until the disappearance of the infection by bioluminescence imaging. Using photon counting mode, an image can be obtained by detecting and integrating individual photons emitted by the bacterial cells. Prior to PDT and imaging, mice were anesthetized by i.p. injections of ketamine-xylazine cocktail. Mice were then placed on an adjustable stage in the imaging chamber positioned directly under the camera. A grayscale background image of each mouse was made, and this was followed by a bioluminescence image of the same region displayed in a false-color scale ranging from red (most intense) to blue (least intense) and superimposed on the grayscale image. The signal from the bioluminescence image was quantified as region of interest (ROI) with absolute calibrated data in photons s −1 cm −2 sr −1 using the IVIS software.
Pseudomonas aeruginosa infection in mice
All animal experiments were approved (protocol by Subcommittee on Research Animal Care (IACUC) of Massachusetts General Hospital and met National Institutes of Health (NIH) guidelines. Adult female BALB/c mice 6-8 week-old and weighing 18-21 g were used (Charles River Laboratories, MA, USA). Mice were given access to food and water ad libitum, and maintained on a 12-hour light/dark cycle under a room temperature of 21°C. Mice were anesthetized by intraperitoneal (i.p.) injection of ketamine/xylazine cocktail. The dorsal skin of the mice was shaved by an electric razor.
To create abrasion wounds, surgical scalpels were used to gently scrape the epidermis off an area of approximately 1 cm 2 area. The depth of the wound was no more than the shallow dermis. After creating the wounds, an aliquot of 50 μL suspension containing 5 X 10 5 CFU of P. aeruginosa in PBS was inoculated over each defined area containing the abrasion with a pipette tip. Bioluminescence images were taken immediately after the inoculation of bacteria to ensure that the bacterial inoculum applied to each abrasion was consistent.
In vivo PDT Mice were divided into 4 groups of n=5 mice. Sample size was determined by an 80% power to distinguish between RB-PDT and RB+KI PDT at a significance level of p=0.05 with a large effect size in RLU measurement. 1. Infected control group: wounds were only infected with P. aeruginosa 2. Dark control group: RB+KI, no light 3. RB PDT group: RB only but irradiated with 540 nm light 4. RB+KI PDT group: irradiated with 540 nm light in the presence of RB+KI 30 minutes after application of the bacteria to the abrasions, a small aliquot of RB solution (500 M) alone, or RB (500 M) mixed with KI (1M) solution was added to the PDT-treated wound and also to dark controls. Initially, 50 μL of the RB solution was added to the abrasions and incubated for 10 min to bind to and penetrate the bacteria, Then the wounds irradiated with green light at a fluence up to 20 J/cm 2 and luminescence imaging was performed after irradiation. In this case the mice were imaged daily to quantify the recurrence of bioluminescence until the bioluminescence disappeared or the animals were determined to be moribund and euthanized (this did not occur with the present strain of P.aeuginosa.
Histological Analysis
Two mice per group were used for further histological analysis. The procedure was the same as describe above. The mice were then sacrificed at the first day (24 hours) after experiment to compare the antibacterial effect. Removed tissue samples were fixed in 10% PBS-formalin solution for 2 to 3 days. After fixation, samples were embedded in paraffin blocks and sectioned to 6-μm thickness and stained with hematoxylin-eosin and also with Gram stain. Stained slides were assessed under a light microscope (Olympus BX51 microscope) to observe any inflammation or gross tissue damage.
Means were calculated and compared for statistical significance using a one-way ANOVA. Values of P <0.05 were considered statistically significant.
Results
Our initial experiments involved comparison of the microbial killing achieved with increasing light doses when KI was added into the mixture of cells incubated with the appropriate concentration of RB and then illuminated with green light. Because it is known that Gram-positive bacteria are very susceptible to aPDI with anionic PS such as RB we only needed to use a very low concentration of 100 nM. For E. coli and C. albicans we used a higher concentration (but not excessively high) of 10 µM. We used a 100 mM concentration of KI. The results are displayed in Figure 1 . At the lowest light dose tested (10 J/cm 2 ) RB + KI + light eradicated (>6logs) E. coli while only less than 1 log of killing was found when KI was omitted ( Figure 1A) . Even with 20 J/cm 2 , RB + light only gave 2 logs of killing. MRSA was killed 1-2 logs by the low concentration (100 nM) of RB +light, while the addition of KI gave 4 logs of additional killing at 10 J/cm 2 and eradication at 20 J/cm 2 ( Figure 1B ). For C. albicans the potentiation was even more dramatic ( Figure 1C ). The lowest light dose gave eradication when KI was present, while no killing was found with RB + light at either fluence. In order to distinguish between the photochemical oxidation of iodide to give molecular iodine which is a stable molecule that can exert an antimicrobial effect, and the photochemical creation of reactive iodine species which would be shortlived and would only exert an antimicrobial effect when the cells were present as the light was delivered we carried out the following series of experiments. We increased the concentrations of KI as it became apparent that surprisingly high concentrations were necessary to obtain the maximal potentiation effect. We reasoned that if more killing was observed when the cells were present during the illumination than was seen when the cells were added after the illumination, then it could be deduced that some short-lived species were involved in the killing as well as the stable molecular iodine. In order to study to what extent the RB that was bound to the to the microbial cells (as opposed to RB free in solution) was involved in the KI potentiation of aPDI, we also added a step involving the centrifugation of the cells after incubation with RB. The results are shown in Figure 2 . Figures 2A and 2B show the Gram-negative species E. coli and P. aeruginosa treated with 10µM RB and 10 J/cm2 of 540 nm light. The results are quite similar. When all the ingredients were present at the same time (closed squares) there was modest killing (1-2 logs) at up to 10 mM KI, but at 25 mM KI there was eradication (7 logs of killing). When the cells were only added after the KI and RB had been illuminated, there was no major killing until the KI concentration reached 50 mM (3-4 logs), and at 100 mM KI there was eradication (open circles). When the cells that had been incubated with RB were centrifuged,there was virtually no killing even with 100 mM KI. This result is consistent with a lack of binding between RB and Gram-negative bacteria. Figure 2C shows the results with the Gram-positive MRSA. Because MRSA is exceptionally sensitive to RB-mediated aPDI we used the very low concentration of 100nM RB. aPDI with a very low concentration of KI (equivalent to RB alone) gave 1 log of killing, and at higher concentrations (up to 25 mM KI) there was 2 logs of killing. However at 50 and 100 mM KI there was 5-6 logs of killing. When the cells were added after the light, we found only 1-2 logs of killing even with 100 mM KI. There was no killing after a spin. Figure 2D shows the results with C. albicans using 10 µM RB. With all ingredients present (closed squares, and with no KI) we obtained 1.5 logs of killing and this remained the same until a KI concentration of 10mM was reached. We began to see potentiation at 25 mM KI and this increased until eradication was achieved with 100 mM KI. When the cells were added after light (open 100 mM KI. When the cells were centrifuged after incubation with RB (open squares) we saw about 1 log of killing and this did not really increase with increasing KI concentration up to 100 mM. Since the results of the experiments where the cells were centrifuged after incubation with RB suggested that only C. albicans cells actually bound any RB, we carried out confocal microscopy imaging studies to look at RB fluorescence in cells that had been centrifuged to confirm these findings. In Figure 3A we can see that C. albicans had a distinct green fluorescence emission around the cells ( Figure 3B ) but which had not penetrated to any great extent inside the cells.
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Mechanistic studies.
We carried a range of experiments to elucidate the mechanism of action of the potentiation of RB-mediated aPDI by KI. Initially we confirmed that free iodine was generated in a light dose-dependent manner by using the well-known formation of a blue inclusion complex with soluble starch ( Figure 4A ). Next we confirmed the generation of hydrogen peroxide using the Amplex Red assay ( Figure 4B ) as we had previously observed that H 2 O 2 was generated by Photofrin and KI excited by blue light (19) . We reasoned that there were two possible routes by which hydrogen peroxide could be formed. One involves a one-electron transfer from iodide to singlet oxygen to produce superoxide which then could Statistical methods undergo dismutation to give H 2 O 2. The other route involves addition of singlet oxygen to iodide anion to give peroxyiodide, which would decompose to give H 2 O 2 and iodine. To distinguish between these two possible routes we used the nitroblue tetrazolium assay for superoxide (22) , reasoning that if we detected superoxide it suggested the first route, while if we did not detect it, then the second route may take place. In order to be sure that our failure to detect superoxide was real we needed a positive control, and this was obtained by illuminating a water-soluble fullerene with UVA light in the presence of NADH (20, 23) . Figure 4C shows that there was no detectable superoxide produced by RB + KI + 540 nm, while we detected superoxide from BB4 + NADH + 360 nm. In order to confirm that singlet oxygen was the principal mediator of the potentiated microbial killing as opposed to some Type I ROS, we asked whether KI could quench the activation of the fluorescent probe for 1 O 2 called "singlet oxygen sensor green" (SOSG) when RB was excited by 540 nm. Figure 5A shows a significant quenching of SOSG activation by addition of 100 mM KI. KI quenching of singlet oxygen photogenerated by RB was also demonstrated by direct measurement of the singlet oxygen lifetime. Fig  5B shows representative time-resolved kinetics of the formation and decay of 1270 nm phosphorescence detected in a control sample without KI and in the presence of 35 mM KI. At the concentration used, KI shortens the observable lifetime of the singlet oxygen-dependent luminescence more than threefold. It is also apparent that the initial intensity of the singlet oxygen phosphorescence is reduced in sample containing KI. The observable lifetime of singlet oxygen and its initial intensity as a function of KI concentration is shown in Fig 5C. The bimolecular rate constant of quenching of singlet oxygen by KI, derived from the plot, is 1.1x10 6 M -1 s -1 . The chemical nature of singlet oxygen quenching by KI is clearly demonstrated by oxygen consumption measurements. Fig 5D shows that while in the absence of KI, there is no measurable oxygen consumption, addition of KI induces depletion of oxygen with the initial rate dependent on KI concentration.
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In vivo studies.
We used a mouse model of a partial thickness skin wound (abrasion) to test the novel combination (RB + KI + 540 nm) in vivo. We chose P. aeruginosa as the bacterial pathogen for the following reasons. (1) P. aeruginosa is a Gramnegative bacterial species and would not be expected to be much affected by RB + light alone (without KI). (2) P. aeruginosa is sufficiently pathogenic to form a long-lasting infection with a reasonable infective dose of cells. (3) This particular strain of P. aeruginosa is not sufficiently virulent in this model to cause a systemic infection, which would lead to death of the mice.
When we inoculated 5 X 10(5) CFU of bioluminescent P. aeruginosa (in 50 µL) into the partial thickness abrasion wound on the back of the mice, a stable infection was established that lasted for longer than 6 days ( Figure 7) . Figure 6 shows a panel of bioluminescence images from representative mice in each of the four groups captured before light (0 J/cm 2 ) and after 10 J/cm 2 and 20 J/cm 2 of 540nm light had been delivered. The no Tx control and RB + KI dark groups (rows 1 and 2) did not show any reduction in bioluminescence signal, while the RB + 540 nm groups showed only a slight reduction. By contrast the group with RB + KI + 540nm showed a major reduction after 10 J/cm 2 and after 20 J/cm 2 the bioluminescence signal was undetectable. Figure 8A shows the quantification of the signals from 5 mice per group. Figure 7 shows the monitoring of representative mice from four groups for six successive days after PDT. It can be seen that there is not much difference between the groups. The only noticeable observation is that the signal from the RB + KI + light group is significantly lower compared to each of the other three groups (P<0.05) on day 1 (i.e. the day immediately following PDT). Figure 8B shows the quantification of the bioluminescence signals. The regrowth of the luminescence signal in the wound following apparently successful eradication by PDT has been observed before (24, 25) , and is the chief drawback of using PDT as an antibacterial therapy in vivo. Figure 9 shows the histology images taken from mice that were sacrificed 24 hours post-PDT. We stained the sections with Gram-stain to visualize the P.aeruginosa cells in the tissues (Figs 9A-D) and also with H&E ( Figs 9E-H) to visualize any gross damage that may have been caused by the PDT or by the iodine produced by PDT + KI. There was clearly less bacteria present in PDT + KI (Fig 9D) compared to the other groups (Figs 9A-C) . While H&E is notnecessarily the most sensitive method to detect PDT-induced tissue damage,there was no obvious signs of extra damage in Fig 9H compared to Figs 9E-G. 449
Discussion
We have shown that addition of the simple non-toxic inorganic salt, potassium iodide, can dramatically potentiate aPDI mediated by RB, especially against Gram-negative bacteria. In the case of two Gram-negative species, E. coli and the hard-to-kill P. aeruginosa, addition of 25 mM KI gave 7 logs of killing as compared to almost no killing with RB aPDI in the absence of KI. In the case of the fungal yeast C. albicans, addition of 100 mM KI gave eradication (> 6logs of killing) as compared to just over 1 log of killing without KI. The data suggest that two kinds of antimicrobial species are produced by PDT-induced oxidation of iodide. The most obvious antimicrobial species is molecular iodine (or triodide in the presence of iodide) as shown by the generation of the blue inclusion complex when starch is added to the reaction product obtained when 540 nm light has been delivered to a mixture of RB + KI. Nevertheless there is clearly another short-lived antimicrobial species that is generated, and can only produce killing when the cells are present during the illumination. With Gram-negative bacteria, eradication was achieved with 25 mM KI when cells were present, while 100 mM KI was necessary when the bacteria were added after the light. In the case of C albicans eradication was achieved with 100mM KI when cells were present, while hardly any killing was seen when cells were added after light. In the case of MRSA (with a low concentration of RB and 100 mM KI), eradication was achieved with the cells present and only one log of killing when cells were added after. The explanation of the difference in susceptibility when cells were added after light, between Gram-negative species on the one hand, and Gram-positive species and Candida on the other hand, probably lies in features such as the thickness of the cell wall (26) . The thin cell wall typical of Gram-negative bacteria may allow iodine species to penetrate and kill them, with greater ease than found with other microbial cells with thicker cell walls. RB does not bind well to most classes of microbial cells. This lack of binding is shown by the fact that centrifugation of the cells after incubation with RB, removes most if not all of the light-mediated killing. Even with Gram-positive MRSA where RB is extremely active as an antimicrobial PS (since the low concentration of 200 nM produced eradication) centrifugation abolished the killing. In the case of C. albicans binding appears to be of some importance since there was some minor killing after centrifugation, there was also potentiation with 100 mM KI when cells were present, but no killing when cells were added after light. As seen in Figure 3 , C. albicans was the only cell type to show any detectable fluorescence after incubation with RB. We assume that the reactive iodine species are more efficient in killing microbial cells when they are generated close to the cells as might be expected with loose binding of the RB to the cell surface. If the binding between the cells and the RB was loose, it might be expected that the RB could be dislodged after centrifugation.
RB has been found to operate largely via the Type II photochemical pathway involving energy transfer from the longlived RB triplet state to ground state triplet oxygen to produce the reactive singlet oxygen (eqs 1 and 2) (27) . The number of heavy halogen atoms (4 iodine and 4 chlorine atoms) means that RB has a singlet oxygen quantum yield about 0.86 (28) . In fact RB is often used as a standard in determinations of singlet oxygen quantum yields (29) .
There two possible pathways by which singlet oxygen could in principal react with iodide anion. The first pathway is a one-electron transfer from iodide to 1 O 2 to give superoxide anion and iodide radical (eq 3).
The iodide radicals will dimerize to give molecular iodine, which will react with iodide to give the triodide anion (eq 4). Iodine radicals would then be the short-lived reactive species that give potentiation of aPDI killing. 2I
•
The superoxide anion will then undergo dismutation to give hydrogen peroxide (eq 5)
This pathway was our initial hypothesis after we demonstrated formation of both iodine/triiodide and hydrogen peroxide that were consistent with the proposed mechanism. However despite numerous attempts, we were unable to show any production of superoxide using the NBT assay, even though we were able to obtain a positive result with another established photochemical method to generate superoxide. This was done by illumination of a water-soluble fullerene in the presence of reduced NADH (20, 23) . Hence we concluded that a one-electron transfer reaction from Iodide to singlet oxygen to give superoxide and iodine radical probably did not occur. It must also be stressed that such a reaction is thermodynamically unlikely for it would be accompanied by an unfavorable change in free energy. This is because the one electron reduction potentials of the corresponding couples /I -are +0.65V and +1.270-1.400 V, respectively (30) . However there is a second possible pathway between singlet oxygen and iodide. This takes the form of an addition reaction between singlet oxygen and iodide to give peroxyiodide (eq 6). 1 
Dalmazio et al (31) from Brazil used mass spectrometry and ab initio free energy calculations to study the decomposition of hydrogen peroxide in the presence of iodide anions. They detected a species with m/z = 287 that was proposed to be HOOI -. Calculations revealed that the thermodynamically preferred decomposition pathway was eq 11 to produce two radicals. HOOI
Competing decomposition pathways were energetically less favored by between 25 and 68 kcal/mol .These two radicals I 2
•-+ HOO • would account for the short-lived reactive species responsible for the extra killing observed when the cells are present during the illumination.
We originally discovered the action of KI (maximum concentration 10 mM) to potentiate aPDI mediated by the phenothiazinium salt, methylene blue (MB) (16) . We had previously shown that potentiation of aPDI mediated by MB was paradoxically potentiated by 10 mM sodium azide (singlet oxygen quencher) operating by a one-electron transfer from azide anion to excited state MB to form azide radicals in an oxygen-independent process (32). Therefore we assumed that the mechanism in the case of KI and MB was an analogous one electron-transfer from the iodide anion to the excited state PS to form an iodine radical and a MB radical anion (16) . We then went on to show that photocatalysis mediated by titanium dioxide nanoparticles excited by UVA light could also be strongly potentiated by addition of KI (18) . Here the mechanism was via a mixture of a 1-electron oxidation of iodide anion to form molecular iodine, and a 2-electron oxidation of iodide anion to form hypoiodite. It was not until we discovered (19) that aPDI mediated by the porphyrin PS known as Photofrin was also able to be strongly potentiated by KI (provided the concentration of iodide was at least 25mM and preferably 100 mM), that we realized singlet oxygen was likely to be involved in the process (19, 33) . We were able to show that not only was activation of SOSG quenched by KI, but also the luminescence signal of singlet oxygen was quenched by iodide, and that oxygen was consumed in irradiated samples containing by RB and KI. Quenching of the characteristic singlet oxygen phosphorescence by KI suggests that the effect is due to the interaction of KI with singlet oxygen, which shortens the observable lifetime of singlet oxygen, and to the interaction of KI with RB triplet excited state, which reduces the observable intensity of singlet oxygen. While the former interaction is mostly chemical in nature leading to the formation of the unstable peroxyiodide, 6the latter interaction could be a physical quenching of the RB triplet excited state with no specific product formed or a charge-coupled triplet deactivation, in which the triplet excited state of RB is reduced by KI (34). Although Denforio et al. (35) reported on a very efficient quenching of both singlet and triplet excited states of pteridines by KI, with the corresponding rate constants close to the diffusion controlled limit, the effect observed in the present study (Fig 5A) suggests that the efficiency of KI to quench RB excited triplet state is significantly lower. This is probably due to strong electrostatic repulsive interaction of the two molecules, 6which in water at neutral pH are negatively charged (36) , and to the relatively low energy level of the RB triplet excited state that makes the charge-coupled quenching mechanism inefficient. In the present study we were able to show the effectiveness of KI as an enhancer for RB-mediated PDT in a mouse model of a partial thickness wound infection caused by the stubborn and drug-resistant Gram-negative bacterial pathogen P.aeruginosa. Although methicillin-resistant Staphylococcus aureus (MRSA) is the most problematic cause of complicated skin and soft tissue infections (SSTIs), P.aeruginosa comes in second in this regard (37) . Moreover P. aeruginosa displays intrinsic antibiotic resistance, has the capacity to acquire further resistance mechanisms, and readily forms a protective biofilm in vivo (38) . Amongst several studies of aPDI, P. aeruginosa is considered to be one of the hardest bacterial species to kill by aPDI (39) . The monitoring of bioluminescence signal during light delivery did show a strong potentiation of the bactericidal effect by addition of KI as might be expected from the in vitro data. Moreover the monitoring of the bioluminescence signal in the days following PDT appeared to show that the addition of KI also appeared to give some benefit in inhibiting recurrence especially on the day after PDT. It has come apparent that the main drawback to using PDT as an antibacterial intervention in models of localized infection, is the fact that after the light has been turned off, the generation of antimicrobial species ceases and any remaining bacteria are completely free to regrow. However in the present case of added KI, it is likely that free iodine/tri-iodide is generated within the wound by the action of photogenerated singlet oxygen on iodide anions. This free iodine/tri-iodide may remain active within the wound for a much longer time, and may inhibit bacterial regrowth for some time to come. We believe that the action of KI to potentiate aPDT is sufficiently impressive and in conjunction with its non-toxic nature, that it could progress into clinical testing for those infections where aPDT is being clinically explored, such as periodonitis or chronic sinusitis (40) . 
